Abstract-The National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory was shut down in September 2014. Lead bricks used as radiological shadow shielding within the accelerator were exposed to stray radiation fields during normal operations. The FLUKA code, a fully integrated Monte Carlo simulation package for the interaction and transport of particles and nuclei in matter, was used to estimate induced radioactivity in this shielding and stainless steel beam pipe from known beam losses. The FLUKA output was processed using MICROSHIELD® to estimate on-contact exposure rates with individually exposed bricks to help design and optimize the radiological survey process. This entire process can be modeled using FLUKA, but use of MICROSHIELD® as a secondary method was chosen because of the project's resource constraints. Due to the compressed schedule and lack of shielding configuration data, simple FLUKA models were developed. FLUKA activity estimates for stainless steel were compared with sampling data to validate results, which show that simple FLUKA models and irradiation geometries can be used to predict radioactivity inventories accurately in exposed materials. During decommissioning 0.1% of the lead bricks were found to have measurable levels of induced radioactivity. Post-processing with MICROSHIELD® provides an acceptable secondary method of estimating residual exposure rates. Health Phys. 112(6): 533-543; 2017 
INTRODUCTION

THE NATIONAL Synchrotron Light Source (NSLS) (shown in
) at Brookhaven National Laboratory (BNL) commenced operation in 1982 and stopped operation in September 2014. The NSLS complex consisted of two storage rings [the x-ray and the vacuum ultraviolet (VUV) rings]. The injection system consisted of a 100 keV electron gun, 150 MeV Linear Accelerator (Linac), and 750 MeV Booster Synchrotron. The accelerated electron beams were extracted from the Booster synchrotron and were transported into either the VUV or the x-ray ring. The energy of the ring was 2.8 GeV, and the circumference was 170 m. The x-ray ring had 30 beam ports. The VUV ring had 19 beam ports distributed around the~51 m circumference of the ring. The operating energy of the ring was 800 MeV. Approximately 5,500 h of beam were delivered to users of the x-ray and VUV rings per year for 32 y (BNL 2011).
Significant beam loss took place during the acceleration and injection process. Beam loss points in the injection cycle were well known and primarily occurred in the Linac, the momentum slit, Booster injection and extraction sites, and the beam dump. Since BNL's NSLS was the first facility built to generate synchrotron x rays, the guidance on radiation shielding design was based on shielding at existing linear accelerators. Chronic dose rates outside the rings were found in some locations to be higher than desired. Over the years, portable lead shielding was added at beam loss points internal to the accelerator to help lower chronic dose rates outside the rings. It is estimated that the NSLS Facility contained approximately 600 tons of lead, some of which was used along the beam lines. A picture of the Booster Ring (Fig. 2) shows a typical shielding arrangement of lead bricks stacked around a known beam loss point.
High energy electron beams lose energy in target materials by ionization and by bremsstrahlung, the emission of photons. These two processes contribute to the formation of an electromagnetic shower or cascade of electrons, positrons and photons. Photons can directly interact with stable nuclei causing them to become radioactive. It is the buildup of these radioactive nuclei that primarily results in residual activity at electron accelerators (Barbier 1969) . Photonuclear or (g, n) reactions result in the production of neutrons which cause further activation. The radiation fields, therefore, causing induced radioactivity involve both electromagnetic and hadronic cascade processes (Rokni et al. 2002) . The lead that was stacked at known beam loss points typically in the beam injection and extraction regions of the Booster and X-ray rings was chronically exposed to stray radiation that was produced when the electron beam was missteered. It is this lead that was subjected to induced radioactivity. Limited data exist in the literature to estimate activation of accelerator materials as a function of beam energy or power (Swanson 1979) . Monte Carlo analysis using simple models has been used to predict isotope inventories, residual activities, and remnant dose rates in a new light source facility (Sheu and Jiang 2010) .
In the current work, sampling and analysis of accelerator metals (aluminum, steel, and copper) provided information on the mixture of radionuclides present within some NSLS accelerator components after many years of operation. Analysis of the mixtures for stainless steel showed that gamma-emitting radioactivity could serve as a proxy for the detection of pure beta emitters such as 55 Fe. A similar analysis was performed for the expected levels of radioactivity in lead shielding. FLUKA, a fully integrated Monte Carlo simulation package for the interaction and transport of particles and nuclei in matter (Ferrari et al. 2005) , estimates of activity in lead and the accelerator component sampling and analysis results were used as the scientific basis for the development of a NSLS Equipment Survey and Release Manual (BNL 2015) . This manual provided the NSLS Hazard Removal Project staff with specific survey protocols for the survey and release of materials from the accelerators. This paper summarizes efforts to estimate the levels of activation expected in lead shielding and stainless steel vacuum pipe, validate the FLUKA results for stainless steel with sampling and analysis data, and determine a priori whether activated lead exposure rates would be distinguishable from background radiation as measured with handheld radiological instruments. This entire process can be modeled in a single FLUKA model, but because of the project's resource constraints, MICROSHIELD® was used as a secondary method to post-process FLUKA activity estimates.
MATERIALS AND METHODS
The NSLS D&D Project scope included the dismantlement, survey and removal of lead brick shielding. Each brick was required to be individually surveyed to assess residual levels of induced radioactivity. Due to the orientation of the shadow shields, the bricks furthest removed from the beam pipe would be taken to a low background area and surveyed first. Bricks closest to the beam pipe would be surveyed last.
Gamma rays emitted at depth in activated materials will Compton scatter and emerge at reduced energy. Taking advantage of this fact, surveys were planned using a sodiumiodide Micro-R meter. This instrument is known to have an over-response to low-energy gamma rays and x rays when compared to 0.662 MeV ( 137 Cs) and, for this reason, is preferred when surveying materials containing or likely to contain volumetric radioactivity.
Due to concern over potential lead dust exposure to workers and increased survey costs associated with surveying all six sides of each brick, the Project wanted to minimize handling of the bricks and optimize the lead brick survey process. Consideration was given to surveying only the side of each brick facing the beam pipe. It was believed that if the survey result for the side facing the beam pipe was indistinguishable from background, by extension, the other sides would be also.
Beam loss patterns coupled with the forward directed shower suggested that any induced radioactivity within the lead bricks would be highest in the surface layer facing the beam pipe and decrease laterally. Data on the type and activity levels of radionuclides expected to be present in the lead bricks during the removal phase of the project was limited. In order to better understand these issues, a FLUKA modeler from outside the Project was employed to estimate the radionuclides produced from sustained beam losses, their activities, and relative activity distribution.
Due to the lack of facility shield drawings and limited availability of FLUKA resources, a simple model was desired. To provide an upper bound to the activities expected, an unshielded cylindrical geometry was selected. The cylinder volume was much larger than the volume of a brick to allow for complete interaction of the shower. The activities produced were subsequently post-processed in MICROSHIELD by a staff member already assigned to the Project. This arrangement helped contain Project costs.
FLUKA simulations were performed at the three electron beam energies appropriate to NSLS-1: 150 MeV (the energy of the Linac), 750 MeV (the energy of the booster synchrotron), and 2.8 GeV (the energy of the x-ray storage ring). No separate simulations were done for the VUV ring energy of 800 MeV because this energy is close enough to the booster maximum energy of 750 MeV. Four different physical scenarios were modeled:
1. The direct impingement of the electron beam on a lead cylinder of radius 30 cm and length 50 cm; 2. Electron impingement on an aluminum cylinder and the subsequent impingement of the electron beam and secondary particles on a lead cylinder; 3. Electron impingement on a stainless steel (SS-304) cylinder and the subsequent impingement of the electron beam and secondary particles on a lead cylinder; and 4. Missteering of the electron beam into SS-304 beam pipe and subsequently into lead shielding surrounding the beam pipe. This model most closely resembled actual facility conditions at known or suspected beam loss locations where the beam would first encounter the beam pipe and then the shadow shielding. MICROSHIELD allowed for the FLUKA activity to be modeled as entirely contained within a 1-cm surface layer in order to estimate on-contact exposure rates at the time brick removal was expected to begin. Using the surface layer activity profile instead of a uniform activity profile is more consistent with the FLUKA results that show activity maximums occur near the surface. This provided an additional degree of conservatism in estimating exposure rates over an assumption of uniform activity distribution.
On-contact exposure rates were expected to have been bounded by the conservatism of the unshielded FLUKA geometry (scenario 1) and concentration of total FLUKA activity within the lead brick 1-cm surface layer as modeled in MICROSHIELD.
Models used to represent scenarios (1) to (3) are shown in Fig. 3a and 3b . In all simulations, the electron beam was propagated along the Z axis. The X axis was in the horizontal plane normal to the Z axis, and the Y axis was the vertical axis. Fig. 3a represents Model 1, the electron beam directly impinging on a lead cylinder of radius 30 cm and length 50 cm. This model produced the most induced radioactivity and was used as the basis for estimating exposure rates. The concrete walls, floor, and roof are included in the model. Models 2 and 3, shown schematically in Fig. 3b , represent the electron beam traveling through aluminum or steel cylinders before impinging on the lead cylinder. These models are an approximation of the electron beam missteered into the beam pipe or the beam going through a vacuum gate valve or flange and then striking a lead shadow shield. The thickness of the SS-304 beam pipe is only 2 mm. However, if the beam is incident at a grazing angle, it will effectively go through 10-30 cm of steel (depending on the missteering angle) prior to striking the surrounding lead shielding.
A more realistic model (model 4) for the beam missteering scenario was later developed. In model 4 (Fig. 3c) , the beam impinges on the SS-304 beam pipe at Z = 0 at an angle of 17.5 milliradians to the Z axis. The beam travels through 11-12 cm of steel before entering the lead shielding. The beam pipe and the shielding were split into two regions to determine if the residual nuclei were different in the two cases. The results from this model were compared with radio-analytical results for samples of stainless steel beam pipe.
Detailed models of the storage rings or the injection system were not developed because detailed drawings of the beamline and shielding geometry were not available. Due to the absence of a documented shielding configuration control program during the lifetime of the project, there was no assurance that a particular lead brick had been at the same position for the duration of the project. In fact, the first couple of activated bricks found by direct survey were in the outer layers of Booster shadow shields and not immediately adjacent to the beam pipe.
The input required for FLUKA simulations includes a description of the In order to determine the elemental composition in the lead shielding, two samples of lead (one from a lead brick and one from a sheet of lead) were sent to an external company for analysis (Materials and Chemistry Laboratory, Oak Ridge, TN, USA). Their results, using Scanning Electron Microscopy (SEM) Energy Dispersive Spectroscopy (EDS), found small amounts of carbon, oxygen, aluminum and silicon in addition to the lead. The composition of sample F1A with 91.6% lead was used in the FLUKA simulations. The stainless-steel beam pipes were made of SS-304. The ASTM weight composition of SS-304 was also used in the FLUKA simulations, which consisted of iron (70%), chromium (18%), nickel (9%), manganese (2%), silicon (1%), carbon (0.08%), phosphorus (0.045%), and sulfur (0.03%).
The irradiation profile consists of a number of time intervals and particle emission rates during those intervals. During normal operation of the NSLS, x-ray ring beam was provided to users 24 h d , for 10 y. To simplify the profile for the simulations, this total number of electrons (2 Â 25 Â 10 10 Â 365) was converted to a continuous loss rate per second. The same irradiation profile was used for all simulations. A decay time of 1 h was modeled for all simulations to estimate maximum initial activities, which were subsequently decayed to 7 mo to correspond with the time that survey and removal was planned to begin.
Each FLUKA run provides a text file listing the radionuclides produced in the target material along with their activity in Bq cm . The activity plots, however, show that the activity concentration is not uniform but reaches a maximum near the point of impact of the electron beam and decreases with increasing penetration within the material. MICROSHIELD® (Grove Engineering, 2011) exposure rate calculations were performed for individual lead bricks (8" Â 4" Â 2") closest to the beam pipe. In order to more closely model the non-uniform distribution of activity and provide a degree of conservatism, all induced radioactivity was modeled as existing in the 1-cm surface layer immediately adjacent to the vacuum tube rather than as uniformly dispersed throughout the brick. Two additional evaluations were performed at 0.5 cm and 2 cm to assess the impact of different uniform depth distributions.
SIMULATION RESULTS
Model 1: Direct impingement of 2.8 GeV electron beam on a lead cylinder
The electron beam is incident at the axis of a lead cylinder at z = 0. The lead cylinder has a diameter of 60 cm and a length of 50 cm. This scenario is only likely if the lead is part of a beam stop. However, this model allows the development of the full electromagnetic cascade in the lead and the generation of the maximum number of secondary photo-neutrons. These neutrons will result in the maximum activation levels in lead. This simulation was also performed for E = 750 MeV and 150 MeV.
The two-dimensional (2D) plot of the concentration of the residual nuclei as a function of the atomic number Z and atomic mass A is shown in Fig. 4a. Fig. 4b shows the spatial distribution of the activity, Fig. 4c the distribution of the activity in a cylinder of radius 3 cm as a function of Z, and Fig. 4d the distribution of the activity as a function of Z in a 1 cm shell on the outside of the cylinder. Activity in the lead close to the point of contact can be very high (~2,000 Bq cm
), but it falls off rapidly as a function of distance Z along the axis of the cylinder.
FLUKA results showed that the gamma-emitting radionuclides generated in lead have mostly short lifetimes and will not be detectable a few days after the beam is turned off. Several long-lived radionuclides, including some spallation products, are also expected. The gamma-emitting radionuclide with the longest lifetime produced in lead is 194 Hg with a half-life of 520 y. Bismuth-207 is also produced and has a 32-y half-life. The longest-lived pure beta emitter is 204 Tl, with a half-life of 3.78 y. Some longerlived radionuclides, like 14 C (5,700 y), are produced from the impurities in the lead but are expected to be present at extremely low concentrations that are indistinguishable from background. Table 1 identifies radionuclides produced in lead from the 2.8 GeV electron beam impingement that have physical half-lives greater than 10 d. The isotopes are listed in descending order of activity. It is worth noting that the four radionuclides with the highest activity are either pure beta emitters or emit only low-energy x rays, meaning they would not contribute significantly to the on-contact exposure rate.
MICROSHIELD® analysis of the FLUKA output, which assumed that the activity was completely contained in the top 1-cm surface layer, produced an on-contact exposure rate of 0.007 mGy h −1 7 mo after irradiation. This . Based on this analysis, there was no expectation of finding activated lead shielding within the NSLS accelerator enclosures.
During the material removal phase, which began 7 mo after beam operations ceased, a few bricks inside the Booster Ring were surveyed and unexpectedly found to have oncontact exposure rates of between 0.1 and 0.25 mGy h −1 with one brick as high as 1mGy h −1
. Gamma spectra of these bricks were obtained. The spectra were collected in the field using a portable Canberra GC 3020 High Purity Germanium Detector and Genie Bi, which are consistent with the FLUKA estimates of longerlived radioactivity produced. By the end of the project, approximately 0.1 % (11 out of nearly 14,000) of all lead bricks were determined by direct survey to have measurable levels of long-lived activity.
Model 2: Electron impingement on an aluminum cylinder (of length 30 cm) followed by a lead cylinder (of length 50 cm)
A more likely scenario than direct impingement of electron beam on lead is that the electron beam is missteered and is transmitted through aluminum or SS-304 beam pipe and then impinges on a lead shadow shield. Since missteering angles are small, the electrons may traverse large (10-30 cm) distances in the beam pipe before they encounter other beam line components or lead shielding. Models 2-4 mimic this scenario. Model 4 is the most realistic of the four models studied. However, even in this case activation levels are specific to the missteering angle used in the simulation.
When there is no lead shielding behind the aluminum, the electron beam passes through the aluminum without producing any measurable activation in the aluminum. This was subsequently confirmed by direct survey of aluminum beam pipe with a Micro-R meter during the removal phase of the Project and also by radioanalytical measurements that showed total activities well below those produced in stainless steel. When the electron beam is stopped by the lead, it will activate the lead. Some neutrons emitted near the Al-Pb interface enter the aluminum and cause some further activation. The residual nuclei production rates in lead decreased by approximately a factor of three in this model as compared to Model 1. If the thickness of aluminum were reduced, the activation levels in lead would increase up to a maximum concentration obtained in Model 1.
Model 3: Electron impingement on a stainless steel (SS-304) cylinder (length 30 cm) followed by a lead cylinder (length 50 cm)
Model 3 (shown in Fig. 3b ) represents the realistic scenario of electron beam missteered into the beam pipe or the beam going through a vacuum gate valve or flange and then hitting a lead shadow shield. The thickness of the SS-304 beam pipe is only 2 mm, but the beam is incident at a grazing angle and will effectively go through 10-30 cm of steel (depending on the missteering angle) prior to striking the surrounding lead shielding. These simulations were repeated for 750 and 150 MeV.
When the electron beam enters the stainless-steel cylinder, large numbers of photons and photo-neutrons are generated. The SS-304 becomes activated. Some activation was also found in the lead. The level of activity in the lead will depend on the thickness of steel traversed by the beam before it enters the lead. In this model, the level of activity in lead was low.
The concentration of the residual nuclei in the SS-304 cylinder for electron beam energy of 2.8 GeV is shown in Fig. 6a. Fig. 6b shows concentration of the residual nuclei in the lead cylinder. The spatial distribution of the activity is shown in Fig. 6c for SS-304 and in Fig. 6d for lead.
Model 4: An electron beam missteered into SS-304 beam pipe surrounded by lead shielding
The inner diameter of the beam pipe was 5.4 cm, the thickness of the SS-304 beam pipe was 2 mm, and the beam was incident at 17.5 milliradians to the Z axis. The beam travels through~11-12 cm of steel prior to striking the surrounding lead shielding. The lead shielding is split into two layers. The inner shell is 5.1 cm thick to model the first 2-inch layer of lead bricks closest to the pipe. The second Pb shell is 25 cm thick.
FLUKA simulations showed that both the SS-304 beam pipe and the lead shielding were activated. The highest levels of induced radioactivity were found in the SS-304 beam pipe and the first 5.1 cm layer of lead. The activity in the outer 25 cm shell (not shown here) is less than 1 Bq cm −3
. The results shown here are for a beam energy of 2.8 GeV. The simulation was repeated for 750 MeV. Compared to Model 1, the estimated on-contact exposure rate for this more realistic scenario was about a factor of 20 lower (0.0003 mGy h −1 vs. 0.007 mGy h
−1
). The 2D (R, Z coordinates) distribution of the activity in the lead shielding is shown in Fig. 7a . The activity in the SS-304 beam pipe as a function of Z is presented in Fig. 7b . The activity peaks at approximately 4-5 cm. The activity in the 5.1-cm lead shell just outside the beam pipe is plotted in Fig. 7c . The activity in both the SS-304 beam pipe and the thin lead shell are many tens of Bq cm −3 after a decay time of 1 h. The activity in the outer 25 cm shell (d) is less than 1 Bq cm −3 . It is clear from Fig. 7b that the 2-mm steel pipe has a high activation level close to the point of impact of the electron beam. The maximum value of activation in lead is somewhat downstream of the peak in SS-304. The results of the simulations emphasize that the activity is concentrated in the layer of lead bricks (of thickness 2 inches) closest to the beam pipe. However, if the missteering angle were larger, the activity in the second layer of bricks would likely increase. The limiting case is that the electron beam is normal to the beam pipe. In this case, the energy of the missteered electron beam will be a little lower, the 2 mm SS beam pipe will not attenuate the electron beam as much, and the activation distribution will tend toward Model 1.
Samples of radioactive stainless steel and aluminum beam pipe obtained from the Booster Ring and Storage Ring were analyzed by a commercial environmental testing laboratory (General Engineering Laboratories, Charleston, SC, USA) and results reported in units of activity per unit mass (pCi g
). These data were compared with the FLUKA simulation data for Model 4 in order to validate the accuracy of the FLUKA models in estimating the production of radioactivity in different materials. Activity ratios are summarized in Table 2 .
The ratios of radionuclide activities for various nuclei were found to be in good agreement with measured values. The absolute values of the activities calculated by FLUKA, however, were found to be between a factor of two to three lower than the measured values. This is probably mostly due to uncertainties associated with actual beam losses as compared to the irradiation profile used in FLUKA. Radioanalytical activity measurement uncertainties were generally less than 15%.
All ratios are within a factor of two, which is very good agreement considering the input uncertainties, simplicity of the FLUKA model, and the approximations.
The FLUKA SS-304 activity estimates are compared to the measurement data in Table 3 . These FLUKA results suggest that when surveying lead bricks stacked around the beam pipe, the surface of the brick closest to the beam pipe should be surveyed as that surface is the one with the highest potential level of activity. This approach of only surveying the side facing the beam pipe was implemented by the NSLS Project with the expectation that all would be indistinguishable from background. After the first activated brick was discovered in a location not immediately adjacent to the beam pipe, however, survey plans were expanded to include a measurement of all sides of each brick in order to further reduce the risk of misidentifying low-level radioactive material as non-radioactive.
SUMMARY AND CONCLUSION
It is estimated that the NSLS Facility contained approximately 600 T of lead. This report summarizes efforts to estimate residual radioactivity in this lead so that effective and efficient material survey protocols could be developed to ensure that materials would be segregated into appropriate waste streams (i.e., recyclable materials or radioactive waste). Sampling and analysis of activated metals (aluminum, steel, and copper) provided information on the mixture of radionuclides expected to be present within accelerator components. Analysis of the mixture showed that gamma-emitting radioactivity could serve as a proxy for the detection of pure beta emitters such as 55 Fe. FLUKA/MICROSHIELD® estimates of activity in lead shielding and sampling analysis results for accelerator aluminum, steel, and copper metals were used as the scientific basis for the development of a NSLS Equipment Survey and Release Manual (BNL 2015) . This manual provided the NSLS Hazard Removal Project staff with specific survey protocols for the survey and release of materials from the accelerators.
In order to estimate the radioactivity in lead, four different physical scenarios were studied:
1. The direct impingement of the electron beam on a lead cylinder of radius 30 cm and length 50 cm, which was used to estimate an upper bound of on-contact exposure rates; 2. Electron impingement on an aluminum cylinder and the subsequent impingement of the electron beam and secondary particles on a lead cylinder; 3. Electron impingement on a stainless steel (SS-304) cylinder and the subsequent impingement of the electron beam and secondary particles on a lead cylinder; and 4. Missteering of the electron beam into a SS-304 beam pipe and subsequently into lead shielding surrounding the beam pipe.
Post processing of the radionuclide data files was done using MICROSHIELD® assuming all of the activity was contained within the 1-cm surface layer of 5.1-cm-thick lead bricks. This entire process can be modeled in a single FLUKA model. Use of MICROSHIELD® as a secondary method was chosen because of the project's resource constraints.
These results are specific to the NSLS electron beam energies and irradiation profile. Activation levels will be higher for longer irradiation times and larger rates of beam loss. The 2.8 GeV electron beam produced the same radionuclides in lead shielding as the 750 and 150 MeV beams but at higher activity concentrations. After normalizing total FLUKA activities to beam power, loss activation levels are seen to increase linearly with beam energy over this energy range (see Table 4 ).
MICROSHIELD® post processing of the FLUKA output produced an estimated exposure rate of 0.007 mGy h −1 on contact with a lead brick 7 mo after irradiation, which is the time that the survey and removal operations were expected to begin. This exposure rate is too small to be reliably distinguished from the facility background of 0.04-0.05 mGy h −1
. Based on this analysis, there was no expectation of finding activated lead shielding within the NSLS accelerator enclosures during facility remediation.
During the material removal phase, however, a few bricks inside the Booster Ring were surveyed and unexpectedly found to have elevated exposure rates between 0.1 and 0.25 mGy h −1 on contact. Gamma spectra of these bricks were collected in the field using a portable Canberra GC 3020 High Purity Germanium Detector and Genie . As noted earlier, sodiumiodide based Micro-R meters exhibit an over-response to gamma rays and x rays from 0.2 MeV down to about 0.05 MeV. It is not unreasonable to assume the overresponse to Compton scattered photons from induced radioactivity within the lead to be a factor of 2, meaning the true on-contact exposure rate from the activated bricks is closer to 0.005-0.12 mGy h −1
. This puts the difference between model and measurement at one order of magnitude. Part of this may be attributed to uncertainties in the irradiation profile used in FLUKA. Comparison with radioanalytical measurements of activated SS-304 have shown the FLUKA results to be consistently lower by about a factor of 2 to 3, indicating that actual beam losses may have been a factor of three higher than assumed in the irradiation profile. This could be explained by a combination of modestly higher beam loss rates during the five monthly machine study days and an irradiation period longer than 10 y.
The remaining component of uncertainty lies within the MICROSHIELD® model, where all activity was assumed to exist in a 1-cm-thick surface layer rather than as uniformly dispersed throughout the brick or entirely contained within a surface layer less than 1 cm thick. The MICROSHIELD® code can only model uniform spatial activity distributions. The 1-cm-thick surface layer assumption was guided by the actual FLUKA activity distributions and was intended to provide a degree of conservatism in estimating on-contact exposure rates. The results are uncertain as to the degree the 1-cm surface layer assumption differs from the actual activity distribution. This assumption was analyzed by evaluating two additional MICROSHIELD® models: activity uniformly distributed over a thicker 2-cm-thick surface layer and activity uniformly distributed over a thinner 0.5-cm surface layer. The analysis shows that the estimated on-contact exposure rate is reduced by about 35% using the 2-cm model but is increased by a similar percentage using the 0.5-cm model. This suggests that measurements are not overly sensitive to the model of activity distribution assumed. It is also consistent with the gamma-ray energy distribution for the longer-lived radionuclides where energy activity is dominated by gamma rays in excess of 0.1 MeV as opposed to lower-energy x rays, which would be more heavily shielded at depths to 2 cm.
This study concludes that simple FLUKA models and irradiation geometries can be used to accurately predict the types and range of radionuclide activities created in lead shielding and SS-304 beam pipes from routine beam losses. Radioanalytical measurements of activated SS-304 beam pipe validated the FLUKA activity estimates. The subsequent use of MICROSHIELD® to estimate on-contact lead shield exposure rates was shown to be a viable alternative to using FLUKA for this purpose. This model is not overly sensitive to spatial activity distributions assumed when the source term consists primarily of gamma rays in excess of 0.5 MeV.
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